The design and performance of the new Cold Neutron Chopper Spectrometer (CNCS) at the Spallation Neutron Source in Oak Ridge are described. CNCS is a direct geometry inelastic time-offlight spectrometer, designed to cover essentially the same energy and momentum transfer ranges as has been achieved. The instrument performs very well in the cold and thermal neutron energy ranges, and promises to become a workhorse for the neutron scattering community for quasielastic and inelastic scattering experiments.
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I. INTRODUCTION
The Cold Neutron Chopper Spectrometer (CNCS) at the Spallation Neutron Source (SNS) in Oak Ridge is a very flexible and versatile direct-geometry multi-chopper inelastic time-of-flight (TOF) spectrometer that provides both good energy and momentum transfer resolution at low incident neutron energies (1-50 meV) . This type of instrument is very popular at pulsed as well as continuous sources for the wide range of scientific applications offered [1] [2] [3] [4] [5] [6] [7] . Therefore, most of the major neutrons sources around the world host at least one instrument that is closely comparable to CNCS, such as IN5 at ILL, LET at ISIS, DCS at NIST, TOFTOF at FRM2, AMATERAS at J-PARC, PHAROS at LANSCE and NEAT at HZB (formerly HMI Berlin). The CNCS is located at SNS beam line 5 with a cold coupled moderator, and features a source to sample distance of 36.25 m [8] . Two high-speed choppers, one to shape the neutron pulse from the moderator and a second to cut down the pulse length at the sample position, provide an adjustable energy resolution, ranging from ∼ 1.2% to ∼ 10% of the incident energy. The secondary flight path, with a length of 3.5 m, has a highly pixilated detector covering scattering angles between −50
• and +135
• in the scattering plane and ±16
• perpendicular to the scattering plane. The detector array with a total solid angle of 1.7 sr consists of 400 two meter long tubes filled with 3 He gas at 6 atm.
CNCS has been operating since May 2009 (more than sixty peer-reviewed user experiments to date) with external facility users.
II. BASIC DESIGN CHOICES
The general layout of the instrument is shown in Fig. 1 . The chopper system consists of four choppers [9] . Going downstream, the first chopper is a pulse-shaping Fermi chopper capable of spinning at up to 300 Hz. Two slit packages are mounted on the same axis of rotation and can be changed with a vertical translation mechanism at full rotational speed.
The slit packages are relatively short (17 mm) with a shallow curvature of the slits, the overall neutron transmission of the device is ∼ 85% when facing the beam. The second and third choppers are 60 Hz disk choppers designed to remove frame overlap from the neutron beam. The overall design of the neutron guide was optimized for neutron flux at the sample position, at 25 cm behind the guide exit, for a sample shaped like the most commonly used cylindrical containers. The design optimization was achieved in an iterative process, using the McStas package [10, 11] , while maintaining a few boundary conditions:
• a curvature is needed to reduce high-energy and thermal neutron background
• the overall length impacts the resulting energy resolution of the instrument and must match other contributions to the resolution
• a structural column of the target building had to be avoided
• it was desirable to maintain a 'simple' design to keep the manufacturing and installation cost within reasonable limits
• it was highly desirable to have a narrow beam at the location of the last chopper to help achieve the shortest pulse possible at the sample.
The neutron guide entrance is located at a distance of 1 m from the moderator surface and has an initial cross section of 100 mm × 50 mm (height × width). The overall length of the guide is 34.95 m. The first section of the guide is straight, over a length of 6.57 m. This is The sample area is designed to allow for bulky equipment, such as cryogenic magnets with a diameter of up to 1 m, to be placed on the sample table. The last (relatively short) section of the neutron guide can be removed, putting the guide exit at 55 cm from the sample position. In standard configuration, a 2
• radial collimator is mounted to the table to suppress scattering from the sample environment.
Detectors are situated at 3.5 m distance from the sample inside the detector enclosure.
During normal operation the enclosure is filled with argon gas, with the addition of 2% CO 2 to increase the breakdown voltage of the argon. Detectors are conventional 
III. INSTRUMENT PERFORMANCE
High resolution images of the beam were taken at the guide exit and at the sample position. These images are shown in Fig. 2 . Due to the wavelength dependent beam divergence, the beam at the sample position is generally somewhat larger than at the guide exit.
The instrument performance in terms of flux and resolution was characterized with various measurements. These measurements are compared with the results of ray tracing Monte
Carlo simulations. The simulations were performed with the McStas package [10, 11] and are based on a source term that was developed for the cold coupled SNS moderator [12] .
The goal was to assess whether all CNCS components work in optimal regime with no substantial loss of instrumental resolution/intensity. The model was made up of the fol- 
f is the neutron energy transfer, m n is the neutron mass, v i and v f are the initial and final neutron velocities, respectively, L 1 is the distance from the pulse shaping chopper to the sample chopper, L 2 is the distance from the sample chopper to the sample, L 3 is the distance from the sample to the detector, δt p is the pulse width at the pulse shaping chopper, δt c is the pulse width at the sample chopper, and δt d is the uncertainty of the time-of-flight in the secondary spectrometer due to the physical extension of the sample and the neutron detection volume [13] . The Q resolution can be expressed likewise, and since most of the terms are angle dependent, it is convenient to split the vector Q in two components, which are parallel (Q x ) and perpendicular (Q y ) to the incident beam direction, respectively. These components read
The Q resolution is then
where
The expressions for the energy-and Q The technique is now routine at CNCS, using a cryostat stick that allows sample rotation while the cryostat itself is stationary. Currently the implementation is still classic, that is, a separate data file is measured for each sample angle. Since the instrument data acquisition system saves neutrons as events, it is possible, however, to perform the measurements with continuous sample rotation, and to correlate the scattered neutrons with the sample orientation after the measurement has been completed. This provides better coverage of reciprocal space, and it is anticipated that during the coming months, single crystal measurements at CNCS will start using continuous sample rotation.
IV. CONCLUSION
Looking back over a little more than two years of user operation, it can be concluded that CNCS offers excellent intensity and resolution for inelastic and quasielastic neutron scattering experiments in the thermal and cold energy ranges. A wide range of scientific fields has already been covered, most notably in studies of collective excitations in single crystal samples (spin waves [16, 17] and phonons [18] ), magnetic nanoparticles [19] , the phonon density of states in a thermoelectric material [20] , and diffusive processes in soft matter. The most important improvements expected over the next few years will be concerning the instrument background and the overall flexibility with which experiments can be accommodated that require non-standard sample environment equipment. 
